Introduction
Hematopoietic stem cells give rise to lineage-committed progenitors that differentiate into erythroid precursors termed erythroblasts. Erythroblasts undergo sequential maturation steps, culminating in enucleation to yield reticulocytes and subsequently erythrocytes. erythroid biology. The identification of exosome complex components as endogenous suppressors of erythroid maturation reveals a novel avenue for controlling erythroid maturation.
Methods
Cell culture G1E-ER-GATA-1 cells were cultured with or without 1 mM estradiol (Steraloids, Inc.) as described. 24 Fetal liver erythroid precursors were cultured in StemPro-34 (Gibco) supplemented with 10% nutrient supplement (Gibco), 2 mM L-glutamine (Cellgro), 1% penicillin-streptomycin (Cellgro), 100 mM monothioglycerol (Sigma-Aldrich), 1 mM dexamethasone (Sigma-Aldrich), 0.5 U/mL erythropoietin, and 1% conditioned medium from a kit ligand-producing CHO cell line for expansion. For differentiation, cells were cultured in ES IMDM (glutamine-free) (Hyclone) containing 10% fetal bovine serum (FBS) (Gemini), 10% plasma derived serum (PDS; Animal Technologies), 5% protein free hybridoma medium II (PFHM II; Gibco), 2mM L-glutamine (Cellgro), 1% penicillin-streptomycin (Cellgro), 100 mM monothioglycerol (Sigma-Aldrich), and 5 U/mL of erythropoietin. Cells were cultured in a humidified incubator at 37°C (5% carbon dioxide).
Quantitative real-time reverse transcriptase polymerase chain reaction cDNA was analyzed in reactions (20 mL) containing 2 mL of cDNA, appropriate primers, and 10 mL of SYBR green master mix (Applied Biosystems). Product accumulation was monitored by SYBR green fluorescence using a StepOnePlus or Viia 7 real-time PCR instrument (Applied Biosystems). A standard curve of serial dilutions of cDNA samples was used to determine relative expression. mRNA levels were normalized to 18S rRNA.
Protein analysis
Equal numbers of cells boiled for 10 minutes in sodium dodecyl sulfate (SDS) sample buffer were resolved by SDS-polyacrylamide gel electrophoresis and analyzed by semiquantitative western blotting with ECL Plus (Pierce) with antibodies described in the supplemental Methods, available on the Blood Web site.
Quantitative chromatin immunoprecipitation (ChIP) assay
ChIP was conducted as described 12 with antibodies indicated in the supplemental Methods. Samples were analyzed by real-time PCR (ABI StepOnePlus) as described. 24 GATA-1 ChIP-seq profiles in primary human erythroblasts were generated from our published dataset (Gene Expression Omnibus, GSE32491).
Primary erythroid precursor cell isolation
Primary erythroid precursors were isolated from E14.5 fetal livers using the EasySep negative selection Mouse Hematopoietic Progenitor Cell Enrichment Kit (StemCell Technologies). Fetal liver cells were resuspended at 5 3 10 7 cells/mL in phosphate-buffered saline (PBS) containing 2% FBS, 2.5 mM ethylenediamine tetraacetic acid (EDTA), and 10 mM glucose, and EasySep Mouse Hematopoietic Progenitor Cell Enrichment Cocktail was added at 50 mL/mL supplemented with 2.5 mg/mL biotin-conjugated CD71 antibody (eBioscience). After 15 minutes on ice, the cells were washed by centrifugation for 5 minutes at 1200 rpm at 4°C and resuspended at 5 3 10 7 cells/mL in PBS containing 2% FBS, 2.5 mM EDTA, and 10 mM glucose, and EasySep Biotin Selection Cocktail was added at 100 ml/mL. After 15 minutes at 4°C, EasySep Mouse Progenitor Magnetic Microparticles were added at 50 mL/mL. After 10 minutes at 4°C, cells were resuspended to 2.5 mL and incubated with a magnet for 3 minutes. Unbound cells were analyzed.
siRNA/shRNA-mediated knockdown Dharmacon siGENOME Smartpools against mouse Foxo3 and Exosc8 were used with nontargeting siRNA pool as a control. siRNA (240 pmol) was transfected into 3 3 10 6 of G1E-ER-GATA-1 cells using the Lonza Nucleofector Kit R with an Amaxa Nucleofector II (Lonza). siRNA was transfected twice at 0 and 24 hours. G1E-ER-GATA-1 cells were treated with estradiol 6 hours after the first nucleofection for 42 hours (Foxo3) or 12 hours after the second nucleofection for 12 hours (Exosc8).
MiR-30 context Exosc8 (Rrp43), Exosc9 (Rrp45), and Dis3 (Rrp44) shRNAs were cloned into MSCV-PIG vector (kindly provided by Dr Mitchell Weiss) using Bgl II and Xho I restriction sites. 1 3 10 5 erythroid precursors were spinfected with 100 mL of retrovirus supernatant and 8 mg/mL polybrene in 400 mL of expansion media at 1200g for 90 minutes at 30°C. shRNA sequences are described in the supplemental Methods.
Flow cytometry
PBS-washed cells (1 3 10 6 ) were stained with 0.8 mg of anti-mouse Ter119-APC and anti-mouse CD71-PE (eBioscience) at 4°C for 30 minutes in the dark. Stained cells were washed 3 times with 2% bovine serum albumin in PBS. For Exosc8 knockdowns, samples were analyzed using a BD LSR II (BD Biosciences). For Exosc9 knockdowns (with Exosc8 knockdown as a control), Ter119 and CD71 staining was analyzed using a BD FACSAria II (BD Biosciences). shRNA-expressing R1, R2, R3, and R4/5 cells were sorted from the total population using the green fluorescent protein marker coexpressed with the shRNA and the Ter119 and CD71 expression profile. DAPI (SigmaAldrich) staining discriminated dead cells.
For cell cycle analysis, cells were resuspended at 5 3 10 5 /mL in medium containing 20 mg/mL Hoechst 33342 (Invitrogen), incubated at 37°C for 30 minutes, and adjusted to 2 3 10 6 cells/mL. For analysis of flow-sorted R3 cells and cells treated with hydroxyurea (HU), 0.5 to 1 million cells were washed in PBS before being resuspended in 300 mL of cold PBS and fixed by adding 900 mL of 70% cold ethanol drop-wise. Cells were incubated at 4°C overnight, washed twice in PBS, and stained overnight in 100 mL of 2 mg/mL DAPI in PBS. Stained cells were resuspended in 500 mL PBS. DNA content was measured using a BD LSR II (BD Biosciences) and Modfit LT 3.2.1 (Verity Software).
Transcriptional profiling
Amino Allyl RNA was synthesized from mRNA, labeled, and hybridized to 8 3 60K Mouse Whole Genome arrays (Agilent) (3 biological replicates). Arrays were read using a G-2505C DNA Microarray Scanner with Surescan High Resolution (Agilent). EDGE3 web-based 1-color microarray analysis software 25 was used for data analysis. The data are available at the Gene Expression Omnibus (GEO) under accession numbers GSE49174 (G1E-ER-GATA-1), GSE60136 (EXOSC8), and GSE60137 (FOXO3).
Generation of 3D exosome complex structures
Protein-structure coordinate files for the human exosome complex 26 were downloaded from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (www.RCSB.org, accession number 2NN6). Images were generated using PyMOL (www.PyMOL.org).
Statistics
JMP (version 11, SAS Institute Inc., Cary, NC) was used for statistical analysis. Student t test to determine significance was used to compare experimental samples to controls. Asterisks indicate significance relative to the control. EDGE3 analysis software 25 and the National Institutes of Health DAVID tool (http://david.abcc.ncifcrf.gov/) were used for statistical analysis of microarray data and gene ontology analysis, respectively.
Results

GATA-1/Foxo3 cooperativity in erythroid cell biology
Foxo3 amplifies GATA-1 activity to induce autophagy gene expression in erythroid cells. 12 To determine the extent of the GATA-1/ Foxo3-regulated genetic network in erythroid cells, we profiled the transcriptome of Foxo3-knockdown vs control cells in the context of active GATA-1. Comparison of Foxo3-regulated genes to our GATA-1 target gene dataset in G1E-ER-GATA-1 cells 7 revealed 498 of the 2006 Foxo3-regulated genes (;25%) as GATA-1-regulated, indicating that GATA-1/Foxo3 coregulate a cohort of genes in erythroid cells beyond the autophagy genes ( Figure 1A) .
We classified GATA-1-or Foxo3-regulated genes as activated or repressed. GATA-1 and Foxo3 regulated 78% of the coregulated genes in the same direction ( Figure 1B ). GATA-1/Foxo3 coactivated and corepressed 235 and 154 genes, respectively ( Figure 1B ). Gene ontology (GO) analysis was conducted to assess whether these distinct modes have hallmark functional signatures. The top 5 GO terms ascribed to the coactivated genes implicate regulation of apoptosis and autophagy ( Figure 1C ) as indicated by our prior work. 12 Genes involved in "non-coding RNA metabolic process" or "RNA processing" categories were enriched in the corepressed cohort ( Figure 1D ). Genes within these categories (listed in supplemental Table 1) were not predictable based on prior analyses of GATA factor function or hematopoiesis.
Linking the GATA-1/Foxo3 genetic network to RNA surveillance machinery
Two of the highly GATA-1/Foxo3-repressed genes classified in the "non-coding RNA metabolic process" category were Exosc8 (Rrp43) and Exosc5 (Rrp46), essential core components of the exosome complex. 15 Using real-time RT-PCR to confirm the microarray BLOOD, 2 OCTOBER 2014 x VOLUME 124, NUMBER 14 EXOSOME COMPLEX BARRICADE TO ERYTHROID MATURATION 2287
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From data, GATA-1 repressed Exosc8 expression 25-fold, and knocking down Foxo3 de-repressed Exosc8 expression threefold (Figure 2A ,C). In primary human erythroblasts, GATA-1 occupied the EXOSC8 promoter ( Figure 2D ) and Foxo3 occupied the Exosc8 promoter ( Figure 2E ), suggesting direct transcriptional regulation. The kinetics of GATA-1-mediated Exosc8 repression are slower than prototypical GATA-1-repressed target genes and resemble the slow induction of the direct GATA-1 target Hbb-b1, which has been attributed to a GATA-1 requirement to upregulate FOG-1. 27 The kinetics of Foxo3 mRNA induction (maximal after 36 hours b-estradiol treatment) were similar to the slow kinetics of Exosc8 repression ( Figure 2A ). Foxo3 protein was induced gradually over 48 hours of b-estradiol treatment ( Figure 2B ). These data suggest that GATA-1 upregulates Foxo3 as a prelude to functioning combinatorially with Foxo3 to confer maximal Exosc8 repression.
Exosc8 regulates a cohort of GATA-1 target genes
To investigate the consequences of GATA-1-mediated Exosc8 repression, we conducted loss-of-function analysis in G1E-ER-GATA-1 cells. Knocking down Exosc8 by ;80% enhanced expression of several GATA-1-activated genes three-to 12-fold (Hbb-b1, Alas2, and Slc4a1), whereas other GATA-1-activated genes (Epb4.9 and Fog-1) were largely unaffected. GATA-1-mediated repression of Gata2 and Lyl1 was also unaltered ( Figure 2F ).
Impairing exosome complex mRNA degradation function by disrupting a core subunit could underlie mRNA accumulation. To determine whether mRNA alterations upon Exosc8 downregulation resulted solely from altered mRNA degradation, we quantitated primary unprocessed transcripts for Exosc8-responsive, GATA-1-activated genes, using the Exosc8-unresponsive gene Epb4.9 as a control. Hbb-b1, Alas2, and Slc4a1 primary transcripts increased twoto sevenfold, whereas Epb4.9 primary transcripts were insensitive ( Figure 2G ). Thus, Exosc8 suppression of a select cohort of erythroid mRNAs does not involve an exclusive mRNA degradation mechanism.
Exosome complex structure and expression during primary erythroblast maturation
The exosome complex consists of 9 core subunits (Exosc1-9). Exosc1 (Csl4), Exosc2 (Rrp4), and Exosc3 (Rrp40) are RNA binding proteins. 26, 28 Exosc4/Exosc9 (Rrp41/Rrp45), Exosc6/Exosc7 (Mtr3/ Rrp42), and yeast, but not human, Exosc5/Exosc8 (Rrp46/Rrp43) form stable dimers. 26 Human EXOSC6/EXOSC7/EXOSC8 form a stable trimer ( Figure 3A) . 26, 29, 30 Exosc1 interacts with Exosc6, Exosc2 interacts with Exosc4 and Exosc7, and Exosc3 interacts with Exosc5 and Exosc9 to stabilize subunit interactions within the complex 26 ( Figure 3A ). Three catalytic subunits, Exosc10 (Rrp6), Dis3 (Rrp44), and Dis3l (human homolog of yeast Dis3, not found in yeast) bind the core exosome. 26, 28 Exosc10 and Dis3l are 39 to 59 exoribonucleases, [31] [32] [33] whereas Dis3 exhibits endoribonuclease and exoribonuclease activity. 31 Dis3 is mainly associated with the nuclear exosome complex and mediates rRNA and PROMT (promoter upstream transcript) degradation. 32, 34 Cytoplasmic Dis3l selectively degrades mRNAs. 32, 34 Exosc10 binds Exosc1, Exosc6, and Exosc8
28
( Figure 3A ) and improves exosome complex activity to process substrates using the long RNA-binding pathway by positioning Exosc1 correctly to bind RNA. 28 Exosc10 is enriched in the nucleolus, indicating a role in pre-rRNA processing, 34 and a small percentage is cytoplasmic. 32 Dis3 or Dis3l binds the exosome core opposite of Exosc10. The Dis3 (or Dis3l) N-terminus wedges between Exosc4 and Exosc7 and approaches the Exosc2 N-terminus ( Figure 3A) . 28 To assess whether Exosc8 expression in G1E-ER-GATA-1 cells reflects its behavior in primary cells, we mined genomic databases 29, 30 and determined the expression of exosome components in primary erythroblasts. During definitive erythropoiesis in the mouse ( Figure 3B ) and human ( Figure 3C ), expression of exosome complex components, including Exosc8, decreased. RT-PCR analysis revealed decreased exosome complex component expression during ex vivo differentiation of mouse fetal liver erythroid precursors ( Figure 3D ). The direct Exosc8 repression by GATA-1/Foxo3, and Exosc8 repression upon erythroid maturation suggests important exosome complex functions in erythroid biology.
Exosc8 suppresses primary erythroblast maturation
We tested whether Exosc8 suppresses a cohort of erythroid-specific RNAs in primary murine erythroid precursor cells isolated from E14.5 fetal livers. Cells were infected with 2 distinct Exosc8 shRNA-expressing retroviruses (with luciferase shRNA as a control), expanded for 3 days, and differentiated for 1 day. The Exosc8 shRNAs induced qualitatively similar results. Exosc8 shRNA upregulated Hbb-b1, Alas2, and Slc4a1 expression, whereas GATA-1 and Fog-1 expressions were largely unaffected during expansion conditions ( Figure 4A ). Expression of PU.1, which opposes GATA-1 activity in certain contexts, 3 decreased in the Exosc8-knockdown cells under expansion conditions ( Figure 4A ). These data suggest that GATA-1-mediated repression of Exosc8 during erythropoiesis contributes to expression of GATA-1 target genes important for erythroid maturation.
Exosc8 knockdown cells were smaller and red, indicating hemoglobinization, vs control cells, even when differentiation was not induced. We assessed maturation of control and Exosc8-knockdown cells using flow cytometry with erythroid markers (Ter119 and CD71 35 ) and Wright-Giemsa staining. In expansion culture, most cells represented R2 (proerythroblasts and early basophilic erythroblasts) and R3 (early and late basophilic erythroblasts) populations in the control ( Figure 4B ). The Exosc8 knockdown induced a shift from R2 to R3 and R4 (polychromatophilic and orthochromatic erythroblasts) and even to R5 (late orthochromatic erythroblasts and reticulocytes) populations, without influencing viability, in every condition tested ( Figure 4B ). Exosc8-knockdown cells exhibited features of mature erythroblasts and reticulocytes. The knockdown induced accumulation of cells with more condensed nuclei, and the cytoplasmic color became slate blue, indicating hemoglobinization ( Figure 4C ). Forward scatter measurements confirmed the smaller size of Exosc8-knockdown cells ( Figure 4C ). Exosc8 knockdown induced cell-cycle exit, increasing G 0 /G 1 populations approximately twofold and decreasing S and G 2 /M phase cells approximately twofold, as expected for erythroid maturation ( Figure 4D ). [36] [37] [38] The Exosc8 knockdown would be expected to impair exosome complex activity to degrade certain mRNAs, thereby posttranscriptionally upregulating mRNAs. However, the Exosc8 knockdown also increased primary transcripts ( Figure 2G ), suggesting a mechanism not restricted to mRNA degradation. We explored the possibility that elevated primary transcripts upon Exosc8 knockdown reflects increased transcription. The exosome complex can function via epigenetic regulation 39 and noncoding RNA surveillance, 40 which impact transcription. We tested whether Exosc8 regulates serine 5-phosphorylated RNA Polymerase II (pSer5-Pol II) occupancy at the affected promoters. Quantitative ChIP analysis in murine erythroid precursors revealed that the Exosc8 knockdown elevated pSer5-Pol II occupancy at Hbb-b1, Alas2, and Slc4a1 . Values were normalized to 18S rRNA expression, and the expression is shown relative to estradiol-treated control siRNA. Fold changes are also depicted upon Exosc8 knockdown relative to control (right). *P , .05, **P , .01, ***P , .001. Figure 4E ). In aggregate, these data demonstrate that Exosc8 suppresses maturation of primary erythroid precursor cells.
The exosome complex as an endogenous suppressor of erythroid maturation
To test whether Exosc8 suppresses erythroid maturation by functioning within or independent of the exosome complex, we assessed whether another exosome component suppresses maturation. Exosc9 was prioritized because of its integral position within the complex. Exosc9 binds Exosc4 and interacts with Exosc8 via its C-terminal tail, which interfaces with Exosc5 and wraps around Exosc5 and Exosc8 ( Figure 5A ). 26 We infected fetal liver erythroid precursors with 2 distinct Exosc9 shRNA-expressing retroviruses and expanded the cells for 3 days. Knockdown of Exosc9 upregulated Slc4a1, Alas2, and Hbb-b1 mRNA, whereas mRNAs for the erythroid transcription factors Gata1 and Fog1 were unaffected (supplemental Figure 1A) . To address whether the increased erythroid gene mRNA levels upon Exosc8, or Exosc9 knockdown reflects increased mature cells, we infected fetal liver erythroid precursors with retroviruses expressing shRNAs targeting Exosc8, Exosc9, or luciferase and sorted cells into R1, R2, R3, and R4/5 populations. Analysis of sorted cells revealed reduced Exosc8 and Exosc9 mRNA in each population ( Figure 5B ). Exosc9 shRNA, but not Exosc8 shRNA, reduced Exosc9 protein 24 hours postinfection ( Figure 5C ). Exosc8 or Exosc9 knockdowns upregulated Alas2, Slc4a1, and Hbb-b1 expression in specific erythroid precursors ( Figure 5D ), indicating that transcript upregulation is not a consequence of altered maturational status in the population. Exosc8 and Exosc9 knockdown did not increase Gata1, Fog1, and Klf1 mRNA levels in the erythroid precursors, inconsistent with an indirect mode of altering gene expression ( Figure 5D ).
CD71 and Ter119 staining revealed a shift from R2 (proerythroblasts and early basophilic erythroblasts) to R3 (early and late 
(E) Quantitative
ChIP analysis of serine 5-phosphorylated RNA Polymerase II occupancy at Exosc8-regulated GATA-1 target and control genes in control and Exosc8-knockdown primary murine erythroid precursor cells (mean 6 SE; 3 independent experiments). *P , .05, **P , .01, ***P , .001. BLOOD, 2 OCTOBER 2014 x VOLUME 124, NUMBER 14 EXOSOME COMPLEX BARRICADE TO ERYTHROID MATURATION 2291
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From basophilic erythroblasts) and R4 (polychromatophilic and orthochromatic erythroblasts) upon Exosc9 knockdown ( Figure 5E ). Wright-Giemsa staining demonstrated enhanced maturation in the Exosc9 knockdown cells ( Figure 5F ); a larger proportion of cells were orthrochromatic in the Exosc9 vs Exosc8 knockdown (supplemental Table 2 ). Exosc8 and Exosc9 knockdowns reduced proliferation ( Figure 5G ).
To assess the importance of the exosome complex catalytic function, we infected fetal liver erythroid precursors with 2 distinct shRNAs targeting Dis3. Knockdown of Dis3 induced Alas2, Slc4a1, and Hbb-b1 mRNAs without altering Gata1, and Fog1 mRNAs (supplemental Figure 1B) . Dis3 knockdown induced a shift from R2 to R3 and R4 cells ( Figure 5H ). Thus, a catalytic subunit is important for establishing the blockade. Although we cannot unequivocally rule out the possibility that the 3 subunits of the exosome complex block erythroid maturation through exosome complex-independent actions, the common phenotypes strongly suggest that the exosome complex suppresses erythroid maturation. To further dissect how downregulating Exosc8 promotes erythroid maturation, we compared the transcriptomes of Exosc8-knockdown primary murine erythroid precursors and control cells. We also compared Exosc8-regulated genes with GATA-1-or Foxo3-regulated genes. We classified GATA-1-and Exocs8-regulated genes as repressed or activated. The most frequent mode of coregulation was Exosc8-repressed and GATA-1-activated ( Figure 6A ). The differentially regulated transcripts included those important for erythroid cell maturation (heme biosynthesis [Alas2], antiapoptosis [Bcl-xL] , and the red cell cytoskeleton [Gypa]). The top 3 GO terms for GATA-1-activated/Exosc8-repressed genes were "cell cycle arrest," regulation of apoptosis," and "cellular protein catabolic process" ( Figure 6B ). Analysis of the Exosc8/ Foxo3-regulated gene cohort revealed that, like the GATA-1/ Exosc8-regulated genes, the most frequent mode of regulation was Exosc8-repressed and Foxo3-activated ( Figure 6C ). Exosc8 and Foxo3 regulate genes involved in "apoptosis" and "macromolecular metabolism" in maturing erythroid cells ( Figure 6D ).
Given the G 0 /G 1 accumulation of Exosc8 knockdown cells ( Figure 4D) , we explored the GATA-1-activated, Exosc8-repressed genes involved in cell-cycle arrest (Cdkn1b [p27 kip1 ], Ddit3 [CHOP], Gas2l1 [Gar22], Trp53inp1, Gadd45a, and Ern1) ( Figure 7A ). Cdkn1b controls cyclin-dependent kinases that bind cyclin D and cyclin E, arresting cells in G 1 . 41, 42 Ddit3 (CHOP) is a DNA damage-inducible G 1 /S transition inhibitor. 43, 44 Trp53inp1 functions downstream of p53 and p73 to induce G 1 arrest and to enhance apoptosis. 45, 46 Ern1, a component of the unfolded protein response, promotes G 1 arrest. [47] [48] [49] The thyroid receptor effector Gas2l1 (Gar22) enhances Gata2 and c-Kit repression during erythroid maturation. 50 Gas2l1 is highly expressed in cells arrested in G 1 , 51 and its overexpression lengthens the erythroid cell cycle, especially the S phase.
50 Gadd45a responds to genotoxic stress by interacting with CDK1/cyclin B1 to induce G 2 /M arrest [52] [53] [54] ; no role for Gadd45a in erythropoiesis has been reported ( Figure 7A ).
In primary human erythroblasts, GATA-1 occupied CDKN1B, GAS2L1, and GADD45A introns and CDKN1B, DDIT3, GAS2L1, and GADD45A promoters, suggesting direct GATA-1 regulation of these genes ( Figure 7B ). Exosc8 knockdown in murine erythroid precursors sorted into R1, R2, R3, and R4/5 populations elevated Cdkn1b, Ddit3, Gas2l1, Trp53inp1, and Gadd45a mRNAs in individual precursor populations ( Figure 7C ). Thus, upregulation of these mRNAs is not a consequence of altered cellularity. Exosc9 knockdown upregulated the same mRNAs ( Figure 7C ).
We considered 2 models to explain the cell-cycle arrest resulting from Exosc8 knockdown ( Figure 4D ). The arrest might result from Exosc8 action in a specific erythroid precursor cell type or from accumulation of noncycling R4 and R5 cells. We conducted cellcycle analysis with sorted, fetal liver R3 (basophilic erythroblast) cells expressing Exosc8-, Exosc9-, or luciferase shRNA. Exosc8 and Exosc9 knockdown significantly reduced the S-phase and increased G 1 cells. Because Exosc8 and Exosc9 regulate the cell cycle in a specific erythroid precursor cell type, the cell-cycle change did not result from altered cellularity ( Figure 7D ).
Considering the erythroid and cell cycle-regulatory mRNAs suppressed by the exosome complex, the maturation blockade involves a multicomponent mechanism. To determine whether cellcycle arrest in G 1 is sufficient for maturation, we induced G 1 arrest in fetal liver erythroid precursors with HU. HU inhibits DNA synthesis, BLOOD, 2 OCTOBER 2014 x VOLUME 124, NUMBER 14 EXOSOME COMPLEX BARRICADE TO ERYTHROID MATURATION 2293
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From Figure 7E ) without inducing maturation ( Figure 7F ). Although the Exosc8/Exosc9 knockdown phenotype involves premature cell-cycle arrest, mimicking the arrest with HU did not induce maturation when the exosome complex is unaltered. This is not surprising given the important erythroid functions of other exosome component-regulated mRNAs.
GATA-1 directly repressed Exosc8 expression during maturation, thereby indirectly upregulating Exosc8 targets. Because GATA-1 also directly activated Exosc8-repressed genes, this suggests that GATA-1/ Foxo3 abrogate the Exosc8-mediated suppression, activating genes that promote erythroid maturation, including those mediating cellcycle arrest and hemoglobin synthesis ( Figure 7G ).
Discussion
Herein, we describe a novel genetic network regulated combinatorially by 2 proteins that control erythropoiesis. In addition to GATA-1/Foxo3-activated autophagy genes, 12 this network includes GATA-1/Foxo3-repression of Exosc8. We established a mechanism in which GATA-1/Foxo3 erythroid maturation activity is opposed by exosome complex components. By downregulating these components, GATA-1/Foxo3 overcome an erythroid maturation barrier.
Reducing Exosc8 or Exosc9 levels upregulated mRNAs encoding proteins that mediate multiple aspects of erythroid maturation/ function. Although Exosc8/Exosc9 repress maturation of primary erythroid precursor cells, they do not regulate Gata1, Fog1, and Klf1 expression. Exosc8 suppresses select erythroid mRNAs, as well as primary transcripts and pSer5-Pol Il occupancy at erythroid promoters. In Drosophila, exosome complex components colocalize with chromatin insulator factors at boundary elements and also localize to promoters. 23 In yeast, the exosome complex localizes to nucleoli and subnuclear regions enriched in actively transcribed genes. [57] [58] [59] The exosome complex regulates alternative transcription start site selection and may directly affect heterochromatin formation and gene silencing through posttranscriptional regulation. 17, 18, 21, 22 GATA-1/Exosc8 coregulate genes involved in cell-cycle arrest, especially those that establish G 1 arrest ( Figure 7A) . Although G 1 arrest is one of the hallmarks of late-stage erythroblast differentiation, 36, 60 this is insufficient to induce late-stage erythroid differentiation ( Figure 7E-F) . Enforced cell proliferation of late-stage bone marrow erythroblasts leads to decreased hemoglobin production, mitochondria retention, and apoptosis.
38 Cdkn1b (p27 kip1 ) (GATA-1-activated/Exosc8-repressed) controls cyclin-dependent kinases (CDK2, CDK4, and CDK6), which bind cyclin D and cyclin E, inducing G 1 arrest in multiple cell types. 37, 41, 42, [61] [62] [63] Cdkn1b appears to be important for erythroid maturation, because it is induced by GATA-1 36 and accumulates upon terminal erythroid maturation. 60 Ectopic Cdkn1b expression promotes erythroid maturation of K562 erythroleukemia cells. 41 Although the other GATA-1-activated/ Exosc8-repressed G 1 arrest genes had not been linked to erythropoiesis, based on their functions in other systems, these genes might contribute to G 1 arrest during erythroid maturation.
GATA-1 directly upregulates Foxo3 and functions in concert with Foxo3 to repress Exosc8 expression. Exosc8, functioning in the exosome complex, establishes an erythroid maturation blockade by suppressing GATA-1-activated genes that contribute to essential erythroid cell processes including hemoglobin synthesis and cell-cycle arrest. Reduced expression of exosome complex components, either physiologically through GATA-1/Foxo3-mediated corepression, or experimentally, eliminates this blockade, thus facilitating erythroid maturation ( Figure 7G ). Because Foxo3 and GATA-2 control HSCs and neural stem/progenitor cells, [64] [65] [66] [67] [68] [69] [70] [71] [72] we propose that GATA-2-Foxo3 cooperativity may be an important determinant of HSC function.
In summary, we describe unexpected biological functions of the exosome complex and new mechanistic insights into erythropoiesis. We predict that key nodal points in the respective mechanisms are vulnerable to perturbations that cause and/or contribute to red cell disorders, and this work establishes a new framework for controlling erythroid maturation.
